Previous studies have shown that obesity and hypertension are associated with increased risk of renal cell carcinoma (RCC), but less is known about the association to other metabolic factors. In the Metabolic Syndrome and Cancer project (Me-Can) data on body mass index (BMI, kg/m2), blood pressure, and circulating levels of glucose, cholesterol, and triglycerides were collected from 560,388 men and women in cohorts from Norway, Austria, and Sweden. By use of Cox proportional hazard models, hazard ratios (HR) were calculated for separate and composite metabolic exposures. During a median follow-up of 10 years, 592 men and 263 women were diagnosed with RCC. Among men, we found an increased risk of RCC for BMI, highest vs. lowest quintile, (HR = 1.51, 95% CI 1.13-2.03), systolic blood pressure, (HR = 3.40, 95% CI 1.91-6.06), diastolic blood pressure, (HR = 3.33, 95% CI 1.85-5.99), glucose, (HR = 3.75, 95% CI 1.46-9.68), triglycerides, (HR = 1.79, 95% CI 1.00-3.21) and a composite score of these metabolic factors, (HR = 2.68, 95% CI 1.75-4.11). Among women we found an increased risk of RCC for BMI, highest vs. lowest quintile, (HR = 2.21, 95% CI 1.32-3.70) and the composite score, (HR = 2.29, 95% CI 1.12-4.68). High levels of the composite score were also associated with risk of death from RCC among both men and women. No multiplicative statistical or biological interactions between metabolic factors on risk of RCC were found. High levels of BMI, blood pressure, glucose and triglycerides among men and high BMI among women were associated with increased risk of RCC.
Introduction
The highest incidence of renal cell carcinoma (RCC) is found in North America and Europe and the incidence has been increasing world-wide until recently [1, 2] . The increase can be partly explained by improved detection by use of ultra sound and magnetic resonance imaging [3] , but it may also be due to an increasing prevalence of risk factors [1] .
Established life-style related risk factors for RCC are obesity, hypertension, and smoking [1, 2] , and these risk factors have been estimated to account for up to 50% of the cases [4] . Previous studies have reported that diabetes type 2 among women [5] and high BMI and blood pressure among men [6] are independent risk factors for RCC, however, those studies had no data of blood lipids, which may be a mediator of these associations. Another study reported that high levels of triglycerides were associated with risk of RCC [7] , and found that the association was stronger among obese subjects, however, no data for smoking or hypertension was included in that study.
Thus, less is known about lipids [7, 8] and glucose [7, 9] and it is also unclear if any of the metabolic factors independently increase the risk, or if they are part of the same pathway, or interact on risk of RCC. Most studies for metabolic factors and risk of RCC have used dichotomized levels of exposure, however, it remains to be shown if there is a threshold with a distinct risk increase, or if the association between increasing levels of metabolic factors and risk is linear.
The aim of this study was to investigate the associations between metabolic factors, separately and jointly, and the risk of RCC and death from RCC taking random measurement error into account.
Materials and Methods

Study Population
This study was conducted within the Metabolic syndrome and Cancer project (Me-Can), which has previously been described in detail [10] . In brief, the Me-Can project consists of pooled cohorts in Norway, Sweden and Austria, and in the current study we used 560,388 subjects with complete data on body mass index (BMI, weight/height 2 ; kg/m 2 ), systolic and diastolic blood pressure, and circulating levels of glucose, cholesterol, and triglycerides from one or several health examination(s). Measurements from the baseline health examination were used in the main analysis. The study was approved by The Research Review Board of Umeå, Sweden, the Regional Committee for Medical and Health Research Ethics, Southeast Norway and the Ethikommission of the Land Vorarlberg, Austria. Participants from Sweden and Austria provided written informed consent to participate in this study. In Norway, the participants were invited to come to the health survey and a questionnaire was sent together with the invitation. An attendance to the health examination where the participants delivered their filled in questionnaire, has been accepted by the Data Inspectorate as an informed consent, but not a written consent. Written consent was obtained from 1994.
End-points
Cancer diagnoses were identified through linkages with the National cancer Registry in Norway and Sweden and to the Vorarlberg state cancer registry in Austria. The International Classification of Diseases, seventh revision (ICD-7) codes 180.0 and 180.9 was used for identification of RCC cases. Causes of death were coded according to Eurostat European shortlist for causes of death [11] and were obtained by linkage to National Cause of Death Registry in each country. In Norway and Sweden, data were also linked to the Registry of Total Population and Population Changes for assessment of vital status (data not available in Austria). In order to reduce the probability of reverse causation, follow up started one year after baseline health examination.
Statistical Methods
Risk was analysed with Cox proportional hazards regression with age as time scale. Subjects were followed until the date of event, i.e. RCC diagnosis or RCC death, or until censoring at the date of other cancer diagnoses (for incident analysis only), death, emigration, or end of follow-up up (for analysis of RCC diagnosis: HRs were calculated for exposures in quintiles with the lowest quintile as reference. The median value of each quintile was used to test for linear trend across quintiles. Quintile analysis were stratified for cohort and adjusted for age at measurement, categories of birth year (before 1923, 1923-1930, 1931-1938, 1939-1946, 1947-1954, 1955 and later) and were adjusted for smoking status (current/never/former smoker) and quintiles of BMI (except for BMI and the composite score).
To convert the exposures to the same scale, we transformed the original values to standardized variables (z-scores) with zero as mean and one as standard deviation. Glucose, triglycerides and cholesterol were divided into quintiles and transformed into zscores separately for cohort, sex, and fasting time (,1 hour, 1-2 hours, 2-4 hours, 4-8 hours, .8 hours) while for BMI and blood pressure the similar procedure was made for cohort and sex only. A composite metabolic score, defined as the standardized sum of exposures in z-scores, was created to assess combined effects of the exposures. In the models with z-scores, mid blood pressure [12] was calculated as (systolic+ diastolic blood pressure)/2 in order to avoid co-linearity. As the distribution of glucose and triglycerides was skewed, natural logarithm was applied before z-score transformation.
Cox models using exposures in z-scores were stratified by cohort and adjusted for categories of birth date, age at measurement and smoking status, model 1. In a second approach we started from model 1 using BMI and smoking and added the separate exposures, one by one, to the model in order to investigate which of the exposures attenuated each other. Finally we analysed a mutually adjusted model containing all the separate exposures, model 2. We also calculated the risk of death from RCC by a Cox model mutually adjusted for the separate z-scores, categories of birth date, age at measurement and smoking status and stratified by cohort.
To check for linear associations between increasing levels of exposure and risk, we plotted restricted cubic polynomial splines with knots at the 5 th , 35 th , 65 th and 95 th percentiles for exposures transformed to z-scores, using model 2 as described above. The fit of the spline model was tested versus a fit using a linear model with likelihood-ratio test. P-values ,0.05 were interpreted as the cubic spline model described the risk distribution better than the linear model.
We used Wald test to test for multiplicative interaction between metabolic factors and between these factors and smoking on risk of RCC by use of z-scores. In total, 15 tests of multiplicative interactions were performed for each sex and we adjusted the significance level for multiple testing using the Bonferroni correction [13] . To investigate biological interaction between metabolic factors on risk of RCC, we calculated relative excess risk due to interaction (RERI), attributable proportion due to interaction (AP), synergy index (S) and their 95% confidence intervals using methods proposed by Andersson et al [14] for dichotomous variables using a cut-off at z-score = 1. In proportional hazard models like this, RERI has been suggested to be the best choice for biological interaction test [15] .
Absolute risks, individualized probabilities of developing RCC for quintiles of the composite score were calculated as described by Gail et al [16] , taking into account survival from competing risks.
Correction for Random Error
We corrected HRs for random error, i.e. measurement error and within-person variability, by use of methods based on regression dilution ratio, similar to those described by Wood et al [17] . In these calculations data from subjects who had undergone repeated measurements in Me-Can were used, in total 133,820 subjects with 406,364 health examinations.
We used two methods for correction; direct adjustment of the estimated parameter using the estimated regression dilution ratio (RDR) and regression calibration. RDR was estimated as the regression coefficient in the regression models with the repeated measurement as dependent variable and the baseline health measurement as independent variable. Age at baseline, fasting time, smoking status, sex, birth year, BMI, time from date of baseline were included as fixed effects in the model and cohort was included as random effect. We used RDR in analysis of quintiles and for z-scores using model 1. In our data set, RDR was for BMI 0.90, for systolic blood pressure 0.53, for diastolic blood pressure 0.51, for glucose (log) 0.28, for cholesterol 0.66, and for triglycerides (log) 0.51. Thus, measurements of BMI had a much smaller random error than the other exposures in accordance with previous observations [18] [19] [20] . The correction was applied by dividing the regression coefficient computed by the Cox model with RDR for the exposure, HR corrected = elog(HRoriginal)/RDR . In the multivariable approach when adjusting for other metabolic factors in different combinations and in model 2, we replaced the original z-score with the expected zscore given the baseline z-score and the other covariates calculated in a similar mixed linear model [21] . RDR and regression calibration were predicted at half of the mean follow up time, i.e. 6 years after baseline examination.
All statistical tests were two-sided, and p-values lower than 0.05 was considered as statistical significant. Calculations were carried out with SAS version 9.1 (SAS Institute Inc., Cary, NC, USA), STATA version 11.2 (StataCorp LP, College Station, Texas, USA), and R version 2.7.2, used for random error calculation.
Results
The study population consisted of 278,920 men and 281,468 women with a median age at recruitment of 42 years (inter quartile range, IQR = 10 years) ( Table 1) . At baseline, overweight (BMI $25 kg/m 2 ) or obesity (BMI $30 kg/m 2 ) was observed in 54% of the men and 41% of the women, hypertension (systolic blood pressure $140 mmHg or diastolic blood pressure $90 mmHg) was observed in 38% of men and in 26% of women. Approximately 60% of men and 50% of women were current or former smokers. During a median follow-up of 10 years (IQR = 7 years), 592 men and 263 women were diagnosed with RCC at a median age 62 years (IQR = 14 years) and 244 men and 84 women died from RCC. RCC incidence per 100 000 person-years was 18 among men and 9 among women in the study cohort.
In analysis of quintiles adjusted for BMI and smoking, we found an increased risk of RCC among men for highest vs. lowest quintile of BMI, (HR = 1.51, 95% CI 1.13-2.03), systolic blood pressure (HR = 3.40, 95% CI 1.91-6.06) diastolic blood pressure, (HR = 3.33, 95% CI 1.85-5.99), glucose, (HR = 3.75, 95% CI 1.46-9.68), triglycerides, (HR = 1.79, 95% CI 1.00-3.21) and the composite score, (HR = 2.68, 95% CI 1.75-4.11) ( Table 2) . Among women, we found an increased risk for BMI, highest vs. lowest quintile, (HR = 2.21, 95% CI 1.32-3.70) and the composite score, (HR = 2.29, 95% CI 1.12-4.68) ( Table 3) .
In z-score analysis among men, we found the same risk factors as found for quintile analyses using model 1 (Figure 1a) . After including other exposures to the model the association between BMI and risk of RCC was mainly attenuated after inclusion of triglycerides but also after including blood pressure and glucose into the model, and the association between glucose and risk was attenuated by inclusion of triglycerides. Calculated per unit increase, the associations for mid blood pressure (HR = 1.37, 95% CI 1.18-1.59) and triglycerides, (HR = 1.22, 95% CI 1.00-1.50) and risk of RCC remained after adjustment for all other factors and smoking in model 2 ( Figure 1a) .
Among women, high levels of BMI and triglycerides (borderline) were associated with risk of RCC in model 1 (Figure 1b) . When adding other metabolic factors to the model, the association between triglycerides and risk was attenuated by BMI. After adjustment for all metabolic exposures in model 2, the association between BMI were still statistically significant, (HR = 1.23, 95% CI 1.04-1.45) (Figure 1b) .
High levels of the composite metabolic score were associated with increased risk of RCC, among men (HR per unit increase = 1.45, 95% CI 1.29-1.63) and among women (HR = 1.39, 95% CI 1.16-1.66). High levels of the composite metabolic score were also associated with risk for death from RCC, among men (HR = 1.55, 95% CI 1.29-1.85) and women (HR = 1.81, 95% CI 1.35-2.43). In analysis for death from RCC for z-scores, the only statistically significant result was the association between high blood pressure and death from RCC among men (RR = 1.33, 95% CI 1.05-1.67) (results not shown).
Trend tests over quintiles and analyses using spline models (Figure 2 and 3 ) indicated approximately linear associations for all metabolic factors in relation to RCC risk, which supports the use of linear models. We found no biological interaction between metabolic factors or multiplicative statistical interactions between the exposures or between exposure and smoking on risk of RCC after applying the Bonferroni correction. The absolute risks for RCC over a 20-year interval for a 40 year old man in the lowest composite score quintile was 0.18% and for a man in the highest quintile 0.34%, and corresponding risks for a man aged 60 was 0.42%, and 0.81%, respectively. For a 40 year old woman, the absolute risk of RCC were 0.10% in the lowest quintile and 0.18% in the highest quintile of the composite score, and corresponding risks for a 60 year old woman were 0.30% and 0.53%, respectively. *Cox regression models are adjusted for categories of birth year, age at measurement and stratified for cohort. **Same as above but additionally adjusted for smoking and quintiles of BMI (except for BMI and the composite score). Regression dilution ratio was used for random error correction, could be transformed back to original data by: HR original = e P trend 0.0011 0.0011 *Cox regression models are adjusted for categories of birth year, age at measurement and stratified for cohort. **Same as above but additionally adjusted for smoking and quintiles of BMI (except for BMI and the composite score). Regression dilution ratio was used for random error correction, could be transformed back to original data by: HR original = e 
Discussion
In this large prospective cohort study, we found that high levels of several metabolic factors, both separately and combined, were associated with an increased risk of RCC. Of the single factors, high levels of BMI, blood pressure, glucose and triglycerides were among men and BMI among women associated with increased risk of RCC. Several of these factors may be part of the same biological pathway, but we found that blood pressure and triglycerides among men and BMI among women independently increased the risk of RCC. No evidence was found for multiplicative statistical or biological interactions between these factors, smoking and risk of RCC and the associations between metabolic factors and risk of RCC were approximately linear.
Strengths of our study include the large number of participants in combination with high quality registers with almost complete capture of cancer diagnoses [22] [23] [24] , and the availability of repeated measurements allowing us to correct risk estimates for random error. The main limitation of our study was a lack of data on medications that may have influenced the metabolic factors, and also the crude classification of smoking status that may have resulted in some residual confounding.
By transforming the exposures to the same scale using z-scores, we were able to compare the risk estimates on the same scale. By use of spline polynomials and tests for linearity we assessed linear association between exposure and risk, and these results support the use of continuous variables. Consequently, we mainly used the z-scores as continuous variables in the analysis and used different adjustments in the models to investigate interplay between the metabolic factors, and to assess if the exposures were independently associated with risk. We used both multiplicative models and tests for biological interaction to explore interactions between metabolic factors and between these factors and smoking.
Among men, our findings for BMI and blood pressure are in accordance with results from earlier studies [6, [25] [26] [27] . Similar to previous data, the results for BMI were attenuated after adjustments of other metabolic factors [26] and high blood pressure was independently associated with risk of RCC [6] . Our findings for glucose levels and risk for RCC are in line with previous reports [7, 9] when comparing the results from models adjusted for BMI. For blood lipids, previous reports showed no association for high cholesterol levels [7, 8] and an association for high levels of triglycerides [7] with risk of RCC, similar to our data.
The association between BMI and RCC was stronger in women than in men, in line with a recently published meta-analysis by Mathew et al [30] . In contrast to several previous cohort studies [26-28,31] we did not observe an association between blood pressure and RCC among women. This cannot be explained by a low power since the number of female RCC cases was more than twice than those in the before mentioned cohort studies. High serum cholesterol was not associated with risk of RCC in women, in line with results from a large Korean study [8] . To the best of our knowledge, no previous cohort study has so far investigated the effect of blood glucose levels or triglycerides on the risk of RCC separately in women. However, previous studies have reported an increased risk of RCC in women with diabetes type 2 [5, 32] .
No multiplicative statistical interaction was found in the data, and no evidence of biological interaction, which would indicate departure from additive effects. Thus, the interaction between metabolic factors on risk of RCC are on an additive scale, which is in accordance with previous studies [5, 7, 27, 33, 34] ,with exception of one case-control study that found multiplicative interaction between obesity and hypertension in women but not in men [34] .
Smoking is an established risk factor for RCC and we found HRs around 1.4-1.5 for smokers versus never smokers among both men and women, similar to previous findings [35] . However, no effect modification due to smoking status was found. Two previous study plotted spline functions for increasing levels of BMI and systolic and diastolic blood pressure and risk of RCC. For BMI that study concluded in line with our data a steady increase of RCC with increasing levels of BMI [29] the other study reported, in contrast to our data, a positive but non-linear dose-response between blood pressure and RCC [28] .
Our results indicate that high BMI, blood pressure, glucose and triglycerides among men and BMI among women are associated with RCC. Several of these factors may interplay on biological pathways, but we found that blood pressure and triglycerides among men and BMI among women were independent risk factors. Possible biological mechanisms that may link metabolic abbreviations to risk of RCC are insulin-like growth factor (IGF-1) [36] , lipid peroxidation [37] and metabolic changes within the renal tubule [38] .
From a public health perspective our data add some further motivation to control metabolic factors in addition to the decreased risk of cardiovascular disease and diabetes type 2. However, the absolute increase in risk of RCC for high levels of a composite score of all five metabolic factors was modest.
In conclusion, high levels of BMI, blood pressure, glucose, triglycerides among men and BMI among women is associated with increased risk of RCC, but no interaction was found between these factors and RCC.
